An increased pulse pressure suggests aortic stiffening. New evidence also suggests that pulse pressure is a more sensitive measure of risk than other indexes of blood pressure in middle-aged and older persons. The objective of the study was to relate pulse pressure to the risk of cardiovascular events in the general population, and to assess whether pulse pressure could improve the Framingham risk prediction. A total of 378 men and 391 women over the age of 50 years (mean 62.7 years) were followed. Sex-specific Framingham cardiovascular risk scores were derived from age, systolic pressure, diastolic pressure, total and HDL cholesterol, smoking status and the presence or absence of diabetes mellitus. The cutoff points used to develop a pulse pressure score were calculated by determining the percentile points corresponding to the blood pressure categories in the Framingham risk score. We calculated relative hazard rates by multiple Cox regression. After a median follow-up of 7.2 years (range: 11 months-15 years), a total of 148 cardiovascular events occurred. In Cox regression analysis, a 10 mmHg higher pulse pressure was associated with 31% (Po0.0001) increase in the risk for cardiovascular events (fatal and nonfatal) after adjustment for sex, age, total and HDL cholesterol, smoking and the presence of diabetes mellitus. After adjustment for the aforementioned risk factors, a onepoint increment in the blood pressure and pulse pressure scores was associated with a 40 and 48% (both Po0.0001) increase in the risk of fatal and nonfatal cardiovascular events, respectively. When both the blood pressure and pulse pressure scores were forced into a Cox model, only the pulse pressure score remained statistically significant (Po0.0001) with a relative hazard rate of 1.37 (CI: 1.16-1.69). These prospective data suggest that pulse pressure may improve the Framingham risk prediction among middle-aged and older individuals. Further studies, especially in the Framingham cohort, are warranted.
Introduction
Pulse pressure reflects stiffness of the large arteries and increases with advancing age from age 50 years onwards, because of opposing trends in systolic and diastolic pressure. [1] [2] [3] Increasingly, pulse pressure is recognized as an independent predictor of cardiovascular disease risk in middle-aged and older individuals. [4] [5] [6] [7] In the Framingham Heart Study, 5 there was with advancing age a shift from diastolic pressure to systolic pressure and then to pulse pressure as predictors of cardiovascular risk. Below the age 50 years, diastolic pressure was the strongest predictor. Age 50-59 years was a transition period when all three blood pressure indexes were comparable predictors, and from 60 years on, diastolic pressure was negatively related to the risk of coronary events so that pulse pressure became superior to systolic blood pressure. 5 Pulse pressure is a consistent risk predictor of a worse prognosis in middle-aged and older men and women, 8 
and untreated hypertensive subjects 8 and in patients after myocardial infarction 10 or undergoing haemodialysis. 11 Clinicians often estimate the cardiovascular risk profile of their patients by applying the Framingham risk equation first published in 1967 12 and subsequently updated in several articles. [13] [14] [15] The Framingham risk equation accounts for systolic and diastolic blood pressure, but it does not include pulse pressure as a separate risk indicator. In this population study, we investigated whether pulse pressure can improve the risk prediction provided by the Framingham equation.
Methods

Study population and data collection
The Flemish Study on Environment, Genes and Health Outcomes (FLEMENGHO) started in 1985. 16 The Ethics Committee of the University of Leuven approved its protocol and the protocol is in accordance to the Helsinki Declaration. From August 1985 until November 1990, we recruited a random sample of the families living in a geographically defined area of Northern Belgium. 16 The participants gave informed consent. At the time of writing this manuscript, the study sample included 2464 persons. The participation rate was 64.3%. Since in the Framingham study pulse pressure was a risk factor only from middle age onwards, we included in our analysis participants aged 50 years or more at baseline. 5 Of 918 subjects in this age category, we excluded 95 because they had cardiovascular disease at baseline and 54 because one or more risk factors had not been assessed at the first examination.
At baseline, participants were repeatedly visited in their homes. Blood pressure was measured five times consecutively at each of two home visits, 4-6 weeks apart, after the subjects had rested for 5 min in the sitting position. We averaged these 10 blood pressure readings for analysis. Smoking habits were assessed by a questionnaire. Biochemical measurements included serum total and HDL cholesterol and blood glucose. Pulse pressure was calculated by subtracting diastolic from systolic blood pressure.
We determined the incidence of total mortality from population registries. We established the cause of death from the death certificate, hospital records and/or information given by general practitioners. The study nurses administered questionnaires to evaluate the incidence of nonfatal events. They contacted each subject's general practitioner to verify the completeness and accuracy of the new diseases reported by the participants.
End points were coded according to the eight (1965) revision of the Internal Classification of Diseases. Cardiovascular events included fatal and nonfatal acute myocardial infarction (ICD-9 code 4100), fatal and nonfatal stroke (4310, 4320, 4339, 4350, 4360), fatal and nonfatal heart failure (4270, 4271, 4272, 4279, 4280, 4290), chronic ischaemic heart disease (4110, 4120, 4129, 4130), sudden death (7950) and balloon dilation and/or surgical interventions on any artery, including the coronaries.
We computed sex-specific cardiovascular risk scores according to the Framingham guidelines. 15 The scoring system accounts for age, systolic and diastolic blood pressure, serum total and HDL cholesterol, systolic and diastolic blood pressure, smoking habits and the presence of diabetes Mellitus. Blood pressure was classified as optimal (systolic o120 mmHg and diastolic o80 mmHg), normal (systolic 120-129 mmHg or diastolic 80-84 mmHg), high-normal (systolic 130-139 mmHg or diastolic 85-89 mmHg) or high (systolic X140 mmHg or diastolic X90 mmHg). If systolic and diastolic blood pressure readings belonged to different categories, the higher was used to score the subject. The cutoff limits for total and HDL cholesterol were o4. 14 
Data analysis
We used SAS software version 8.1 (SAS Institute Inc., Cary, NC). For comparison of means, medians and proportions, we applied Student's t-test, Wilcoxon's test and the w 2 -statistics, respectively. The other statistical methods included single and multiple linear regression and Cox regression. We identified correlates of pulse pressures by stepwise regression, in which P-values for independent covariables to enter and stay in the model were set at 0.10. We introduced antihypertensive treatment as a timedependent covariable in all multiple Cox regression models. All P-values are for two-sided tests.
Results
Characteristics of the participants at baseline
The study included 378 men and 391 women (Table 1) . Men and women did not differ in age, and systolic, diastolic or pulse pressure. Body mass index, total and HDL cholesterol and the prevalence of diabetes mellitus were higher in women than in men, whereas smoking was more frequent in men (Po0.001). The median daily cigarette use was 14 (IQR: 7-20) in male smokers and 13 (IQR: 5-20) in female smokers (P ¼ 0.09).
The median (IQR) Framingham risk scores (Table  1) in men were 9 (7-10) for the overall Framingham risk score, 1 (0-2) for the blood pressure score and 0 (0-2) for the pulse pressure score. The corresponding median risk scores in women were 10 (7-13), 1 (0-2), and 0 (À3 to 2), respectively. Among our middle-aged and older subjects, the global Framingham risk score, not including pulse pressure, predicted in men 25.9% probability of developing a cardiovascular event over 10 years and in women 26.0%.
Correlates of pulse pressure at baseline
In cross-sectional analyses at baseline, mean pulse pressure was similar in men and women (56.5 vs 56.9 mmHg; P ¼ 0.45), smokers and nonsmokers (55.9 vs 56.9 mmHg; P ¼ 0.35). The pulse pressure was higher in patients with diabetes mellitus than in non-diabetic subjects (64.2 vs 57.3 mmHg; P ¼ 0.02). In all subjects, the single correlation coefficients with pulse pressure were positive for age (r ¼ 0.50; Po0.0001), negative for serum HDL cholesterol (r ¼ À0.09; P ¼ 0.006) and nonsignificant for serum total cholesterol (r ¼ 0.00; P40.99).
In stepwise regression analysis involving all aforementioned covariables, only age was the significant determinant of pulse pressure (r ¼ 0.50; Po0.00001), explaining 25% of its variance. By comparison for systolic and diastolic pressure, the percentage of variance independently explained by age was 13 and 4%, respectively.
Framingham risk factors as continuous variables
During a median follow-up of 7.2 years (range: 11 months-15 years), 147 participants died and 148 experienced fatal or nonfatal cardiovascular complications (Table 2 ). In Cox regression (Table 3) , total mortality was positively and independently associated with age and systolic blood pressure, but not with serum total cholesterol or HDL cholesterol.
Cardiovascular mortality was positively and independently associated with age, male sex, systolic blood pressure and serum total cholesterol. The risk of any cardiovascular event increased with age, male sex, high systolic blood pressure, low diastolic blood pressure, low serum HDL cholesterol, smoking and diabetes but was not significantly associated with serum total cholesterol.
Prediction from continuous blood pressure components
With adjustments applied for sex, age, total and HDL cholesterol, smoking, and the presence of diabetes 
Values are given as means (s.d.), number of subjects (%) or medians (IQR). Should pulse pressure become part of the Framingham's risk score? TS Nawrot et al mellitus, systolic and pulse pressure were the single blood pressure components, which significantly predicted total and cardiovascular mortality as well as all cardiovascular events (Table 4) . In a further step of the analysis, we explored the predictive value of any combination of two blood pressure components. With similar adjustments as before, the incidence of fatal and nonfatal cardiovascular end points was significantly and independently correlated with systolic as well as diastolic blood pressure at baseline. The association was positive for systolic and negative for diastolic pressure (Table 4) . In contrast to these observations, systolic and diastolic blood pressures did not significantly add to the risk prediction already provided by pulse pressure (Table 4) . Findings for cardiovascular mortality showed similar trends as those for all cardiovascular events but with lower significance levels because of the lower number of events.
Prediction from categorical risk factors
We first evaluated the contribution of the Framingham blood pressure score, based on systolic as well as diastolic blood pressure, and the new pulse pressure score with adjustments applied for antihypertensive treatment as a time-dependent covariable as well as the sex-specific Framingham subscores for age, total and HDL cholesterol, smoking and the presence of diabetes mellitus (Table 5) . A one-point increment in the blood pressure score was associated with a 40% (Po0.0001) increase in the risk of fatal and nonfatal cardiovascular events. For the pulse pressure score, the relative hazard rate Relative hazard rates (95% CI), associated with a 10 mmHg increment in the corresponding BP component. Hazard rates were adjusted for sex, age, total and HDL cholesterol, smoking and the presence of diabetes mellitus used as continues variables. All models were additionally adjusted for antihypertensive treatment as a time-dependent covariable. *Po0.0001; **Po0.001; ***P=0.05. SBP=systolic blood pressure; DBP=diastolic blood pressure.
Should pulse pressure become part of the Framingham's risk score? TS Nawrot et al amounted 1.48 (Po0.0001). It remained significant after additional adjustment for age in a continuous way with a relative hazard rate of 1.27 (CI: 1.11-1.45; P ¼ 0.0004). When both the blood pressure and pulse pressure scores were forced into a Cox model (Table 5) , only the pulse pressure score remained statistically significant (Po0.0001) with a relative hazard rate of 1.37 (CI: 1.16-1.69). The Framingham risk score, which includes both systolic and diastolic blood pressure, significantly predicted all outcomes ( Figure 1 and Table 5 ). Models combining the Framingham risk score with the pulse pressure score showed that the pulse pressure score remained a significant predictor. The likelihood ratio for the prediction of all cardiovascular events increased from 29.5 for the model containing only the Framingham risk score to 73.5 for the model containing both the Framingham risk score and the pulse pressure score (Table 5 ). Figure 2 shows a steep rise in cardiovascular risk with higher Framingham risk score and increasing pulse pressure. This pattern and the corresponding significance levels were preserved when the model was additionally adjusted for age in a continuous manner or when the Framingham equations 15 were applied instead of the scoring system.
Discussion
The Framingham risk sheet predicts coronary heart disease risk using seven weighted risk factors: age, systolic pressure, diastolic pressure, serum total and HDL cholesterol, and the presence or absence of smoking and diabetes mellitus. We found that these risk factors were relevant in predicting cardiovascular risk in our population and showed that pulse pressure significantly improves the Framingham risk prediction in middle-aged and older persons, especially in association with high Framingham risk scores.
Darné et al 19 were among the first to propose an independent role of pulse pressure as a risk factor, mainly for cardiovascular mortality in women above 55 years of age. Early reports from the Framingham Heart Study demonstrated that systolic blood pressure was a better independent predictor of cardiovascular risk than diastolic pressure, particularly in subjects over the age of 50 years. 20, 21 A more recent Should pulse pressure become part of the Framingham's risk score? TS Nawrot et al analysis of the Framingham cohort revealed that pulse pressure is a better predictor of the incidence of coronary artery disease than systolic or diastolic pressure. 4 Several other studies emphasized the importance of pulse pressure as a predictor of cardiovascular events or mortality. 7, [22] [23] [24] In a metaanalysis of trials of isolated systolic hypertension in the elderly, 8 systolic blood pressure was positively and diastolic blood pressure was inversely related to the risk of various cardiovascular events. It has also been observed that pulse pressure derived from ambulatory blood pressure monitoring is a potent predictor of cardiovascular outcome independent of mean arterial pressure. 25 Several risk assessment methods based on the Framingham risk function, [13] [14] [15] including the Sheffield table, 26 are widely used. Substantial differences exist between risk prediction sheets, especially with regard to the representation of age and hypertension as risk factors. For instance, in the Sheffield table, blood pressure is dichotomized and risks are given for 2-year age groups while the Framingham risk score includes different blood pressure groups but age groups are less precisely defined. Determinants of pulse pressure include ventricular ejection and stroke volume, but the agedependent increase in pulse pressure is largely determined by the increase in stiffness of the large arteries. 27, 28 Recently, it was shown that telomeres, the ends of chromosomes, which serve as clocks of cellular aging, are inversely related to pulse pressure. [29] [30] [31] [32] Therefore, pulse pressure might serve as a phenotype of chronological and biological aging. This might be one of the reasons for the superior role of pulse pressure in the present study. Indeed, in the Framingham risk sheet, age is roughly defined. For instance, a 60-year-old woman gets the same risk points for age than a woman of 74 years old.
Since age, blood pressure, dyslipidemia, smoking and diabetes contribute to increased conduit artery stiffness, 33, 34 might not pulse pressure be a weaker predictor of cardiovascular risk when accompanied by a high Framingham risk score? However, the opposite conclusion was suggested from the findings in the present study. An increased pulse pressure of 470 mmHg was associated with an approximately five-fold greater risk of future cardiovascular events in association with a high vs a low Framingham risk score (Figure 2 ). In contrast, previous Framingham elderly cohort studies 4, 5 showed that CHD risk was inversely but weakly related to diastolic blood pressure at any given level of systolic blood pressure, suggesting that CHD risk prediction was only slightly improved when replacing systolic blood pressure by pulse pressure in the Cox model after adjusting for other major cardiovascular risk factors. Therefore, the finding that pulse pressure becomes a stronger predictor of risk in the presence of a high Framingham risk score suggests possible positive feedback. Increased elastic artery stiffness produces flow turbulence, and in the presence of other risk factors, may accelerate endothelial dysfunction and atherogenesis. 35 This in turn may lead to a vicious cycle where increased endothelial dysfunction predisposes to even greater arterial stiffness and a further propensity to atherogenesis. In addition, the cyclic stress of increased arterial stiffness may act as a trigger during systole to cause plaque rupture when other risk factors predispose to unstable plaque formation. Thus, increased pulse pressure becomes a stronger predictor of cardiovascular risk in the presence rather than in the absence of additional cardiovascular risk factors.
The predictive value of a single office blood pressure measurement may not be accurate, because blood pressure values tend to decrease due to accommodation to the measurement procedure and because of the statistical phenomenon of regression towards the mean. 36 The blood pressures used in this study were averages of 10 readings taken at two home visits. However, several limitations of the present study warrant consideration. First, the sample size of the present population was rather small. Second, risk scores developed from another population sample were applied to the present population. 37 The Framingham risk sheet is based on the prediction of coronary heart disease while in our study all cardiovascular end points were considered. Third, antihypertensive treatment at baseline and during follow-up treatment might have biased our results. However, we took this into account by including a time-dependent covariable in the Cox models. This analysis did not provide any support for a possible treatment-induced bias.
These prospective data suggest that pulse pressure may improve the Framingham risk prediction among middle-aged and older apparently healthy individuals. It is premature to suggest that current treatment recommendations should be modified on the basis of our prospective data. Our study, however, may be useful in generating a hypothesis that can be tested directly in the Framingham cohort.
